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Abstract

An emmemble of nine simulations for the climate of the 20th Centiry has been rum
wEing the Community Climate System Model version 3. Three of these runs also siolate
the uptake of chlombuomearbon I[{JFG-ll} into the ocean wing the protocol from the
Oeean Carbon Model Intercomparison Project. Comparison with ocean observations
taken between 1980 and 2000 shows that the global CFC-11 uptake is simulated very
will. However, there ame regional biases, and these are wed to identify where too much
deep water formation s occuring in the QUSM3. The variability between the three runs
simulating CFC-11 uptake is also briefly documented .

The variability in ocean heat content in the 1870 Control runs is shown to be only
a little smaller than a eeent estimate using ocean obserwations. The ocean beat uptake
between 1957 and 1996 in the ensemble is compared to the recent observational estimates
of the secular tremd. The trend in ocean beat uptake s considerably larger than the natural
variahility in the 1870 Control runs. The heat uptake down to 300 m between 1957 and
1996 waries by a factor of two across the ensemble. Some possible reasons for this large
spread are discssed. There 18 much less spread in the heat uptake down to 3 km. On
average, the QUSM3 20th Century ensemble rans talke up somewhat more heat than the
rocent estimate from obserwmtions. Une possible explanation for this is that the COCSMA3
climate semaitivity of 20670 i somewhat too large.



1. Introduction

What is required of a good ocean component for climate models? The fimst roguirement
s that the model produce a mealistic sea surface temperature (SST) distribotion, given
accurate atmospherie forcing  This is necessary if the model’s elimate is to be realistic
and stable. However, another very important requirement is to get the rate of ocean heat
uptake correct. This is the primary way in which the ocean affects the tramsient climate
resipomse of the fully coupled model, see Raper et al. (2002). A third requirement is to
get the correct rate of ocean carbon dioxide uptake, becanse this affects the amomt of
carbon diocide that remains in the atmosphere. These requirements necessitate a very
good representation of ocean mixed layer depths, ventilation of the main thermoeline, and
of the global meddional everturning creulation, see Doney et al. (2004).

Chne method of assessing an ocean component 18 to ewaloate the ventilation rate of the
thermocline and deep ocean in simulations of the 20th Century. An ensemble of nine of
these simulations from 1870-2000 have been made with the Community Climate System
Model version 3 (CCSM3). These use the best estimates of solar, asmsol and greenhouse
gas forcing varlations over the 20bh Century, which are documentexd in Maehl et al. (2005).
In order to validate CCOSM3A, results from the ocean component can be compared to ocean
ohsarvations from the secomnd half of the 206h Century. Three members of the ensemble, and
an ocean alone simmlation foreed by atmospheric observations, include ehlorofl vorocarbon-
11 (CFC-11) as a passive tracer. Oeean heat uptake in the entire ensemble will also be
studied. We will compare the magnitude of climate change signals in heat content relative
to the internal variability of the coupled model.

CFC-11 started to be released into the atmosphere in the 1930s. However, significant
concentrations in the atmosphere and ocean did not occur until the 19508, A large number
of CFC observations were made during the World Oeean Circulation Experiment (WOCE)
in all basing, concentrated in the 1991-1997 period. Enough observations have been made
that global, gridded data sets are now awilable, along with a total ocean iventory for
1991-1997, see Willey et al. (2004}, CFC-11 is a purely passive ocean tracer, and is
extramely useful in evaluating thermocline ventilation rates and deep water formation
sites in ooean modals. In fact, the Ooean Carbon Model Intercomparison Project (QCMIP)
specibeally used CFC-11 to intercompare 13 global ocean models, see Dutay of al. I['E[H]?}
Many of these were mwed as components of elimate models, incloding the low mesalution
oeean component of the Climate System Model, version 1 (CSM1). The CSMI1 results
from an ocean alone run foreed by atmospherie observations are discussed mmch more
Fully in Doney and Hecht (2002). They showed a large semsitivity of Antarctic botbom
water formation to the sorface forcing vsed, and how incorporation of ocean physical
parameterizations, such as a bottom boundary layer scheme, can improve the desp ocsan
uptake of CFC-11 around Antarctica. CFC-11 was not ineluded in any coupled runs of the
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CSM1 and COSM version 2, but has been ineloded in three of the CCSM3 20th Century
integrations.

Levitus et al. (2000} estimated long-term secular trends in ocean beat content from
ohsarvations, and showed that the ocean had taken up heat between the 19508 and 194908,
with a significant increase in the average temperature of the upper 300 m. Several climate
groups have analyesd their 20th Century rims to compare with these observations, and all
have conclded that there is only a small probability that the incmease is due to natoral
variability. Gent and Danabasoglo (2004) analyeed control and 1% per year increasing
earbon dioxide coupled runs wsing the CCSM2, and reached the same conclusion. We will
compare ocean heat uptake results from the ensemble of COSM3 20th Century runs to the
rocently updated Levitus et al. I['E(I{IIE} estimates, amd malke inferences about the model
intemal variability and elimate sensitivity.

The layout of the paper is as follows. The ocean component and CCOSM3 coupled
experiments will be briefly documented in Section 2. The comparisons of CFC-11 and heat
uptake with ooean observations are in Sections 3 and 4, respectively. Section § contains

o digeassion and eomelosions.

2. The Ocean Component and Experiments

The ooean component wses spherical coordinates in the southern hemisphere, bt
in the northern hemisphere the pole is displaced into Greenland at B0°N, 40°W. The
horizontal grid has 320 (zonal}) » 384 (meridional)} grid points, and the resolution is
uniform in the zonal, but not in the merdional, direction. In the southern hemisphere,
the meddional mesolution is 0.27° at the equator, gradually inereasing to 0.54% at 33°5,
and is constant at higher latitudes. There are 40 levels in the vertical, whose thickmoess
increases from 10 m pear the surface to 250 m in the deep ocean. The minimum and
maximum depths are 30 m amd 5.5 km. The domain is global, which includes Hudson Bay,
the Mediterranean Sea, and the Pemian Gulf. The time step wsed is one hour, which is
small enough that no Fourier filtering is required aroumd the displaced Greenland pole.

The horizontal viscosity s a Laplacian operator that is anisotropic following the
formulation of Smith and MeWilliams (2003), amd ises different coefficients in the east-west
and north-south directions. The vertical mixing scheme is the K-profile parameterization
IIKF‘F‘} scheme of Large et al. I[lﬂ"!}-l}. A change in the KPP mumerical implementation,
compared to the COSM2, has resulted in deeper, more realistic ocean mixed laver depths.
The parameterization of the effects of mesoscale eddies is that of Gent and MeWilliams
(1990}, Further details of the COSM3 ocean component can be found in Danabasoglu et
al. II'E[H:I'-."]} and Smith amd Gent I['E{H}-i}.

The implementation of the CFCs follows the OCMIP-2 protocols, see Section 3 of
Dutay et al. (2002}, except that surface wind spead, atmospheric pressure, and iee fraction
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are from the atmosphere and sea ice components, and not from the specified protocols.
However, there was an ermor in the implementation of the tramsition betwesn the northem
and southern bemisphere atmosphere CFC partial pressure (pCFC). The transition was
imposad over £10 radians instead of £107, 80 that moat of the ocean saw near equatorial
values of atmospheric pCFC. The hemispheric pCFC averages should differ by 10-20%,
with the northern hemisphere having the larger values. This 8 a result of the larger
northern hemisphere sources amnd a not very fast inter-homispheric mixing time. Thus,
while the model hemispheric oceanic CFC inventories are biased by 5-10%, the error in
the global oeeanic CFC imventories is moch smaller, becamse the two hemispherie biases
compensate each other quite closely. The implementation was correct in the COSM3 ocean
alone run foreed by obserwations.

A list of all the integrations is shown in Table 1. The final configuration of the 1870
Control integration was run at NCAR (NC1870) for years 280-510. Five 20th Century
integrations were run at NCAR and Oak Ridge National Laboratory, that branched from
the NC1ETD run at years 360, 380, 400, 420, and 440, respectively, and run for 130 years;
1870-2000. These are labelled NCa, ORb, NCe, ORd, and NCe in Table 1. Another 1870
Control integration was run at the Earth Siomlator (ES1870), which branched from the
NCIETD run at year 300 and continuved until year 860, Four 20th Century integrations
wore run at the Earth Simulator, labelled ESh, ESE ESg, and ESh, that branched from
the ESIETD run at years 380, 410, 460, and 540 respectively. Runa ESh, ESg, and ESh are
the three 20th Century integrations that contain simulations of CFC-11. In addition to
these fully coupled runs, we show results from a COSM3 oosan alone integration, labellad
Oenin Table 1. This run was foreed by observed atmospheric fields from 1958-2000, that
are documented in Large and Yeager (2004).

3. CFC-11 Results

First, qualitative comparisons with CFC-11 observations taken on partienlar WOCE
goctiong in the North amnd South Atlantie and Sooth Pacifie will be made. Thess sections
wore chosen because they inelude regions where there is significant ventilation of the deep
ocean. In other regions, such as the Indian and North Pacific Oesans where most of the
CFC-11 has remained in the upper ocean, comparisons betwesn the model and WOCE
soctions are good, which indicates that the KPP vertical mixing scheme is performing
quite well. CFC solubility is a strong function of temperature, so that the data-model
comparison of CFC-11 concentrations will reflect both the temperature strocture and
ventilation pathways of the ocean. An alternative approach i to compare CFO partial
pressures, but we will not do this here.

Figure la shows the monthly-sveraged CFC-11 from nafd, the Augst 1993 NOAA
reaceupation of the WOCOE alfn section along 2000 in the North Atlantic. Figures 1b
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and le show the comparable plots from the Oen run, and the mean of the ESh, ESg and
ESh runs. The obserwations show most of the CFC-11 abowve 500 m in the subtropics,
with surface values of about 2 pmol kg™, The surface value increases monotonically
tomrards higher latitudes, and attains a valoe of about 4 pmol kg“" at G2°M. The CFC has
also penetrated deeper monotonically towards the north, with the 0.1 pmaol kg_l eonhour
reaching 4 km depth by 50°N. Polewards of 45°N, the 1 pmol kg~ value is at a depth
of abot 2 km. The ocean alone and coupled runs show the same general featores, but
there are important differences. They have too amall values between 600 m and 1 km
north of 45°N, and too large waloes between 1.5 and 2 lon centered at 50°N. The ermor
between 600 m amnd 1 km is probably becamse the model Gulf Stream is directly bringing
low CFC-11 water from the south into this region, because it is too zonal across the North
Atlantic. The too high values below suggest that high CFC water is being advected east of
the mid-Atlantic Ridge from the western North Atlantie, instead of moving more directly
sonthwards as part of the deep western boundary current. There i8 some spread across
the three CFC runs, which is shown in Fig. 1d. This shows the column imventory along
the section from the obssrvations I[r.memm}, Cleny ran I[qu-m!u}, amd the shading gives the
range from the ESh, ESg and ESh runs. There is very little spread south of 40°N, bt
considerable spread farther north around 50°N. This is camsed by the different timing of
deep mixing events centered at 50°N, which pepetrate through the CFC minimum at 1
lan. Ewven so, the ensemble spread does not bracket the obserwations at this latitude.
Figure 2 shows the equivalent plot for the ajax section along 0%in the South Atlantie

from Ovtober 1983. The obserwtions show high wlues = 1 pmol kg™

reaching down to
800 m in a region centerad at 40°-45%5. This represents subduction of surface water down
along sopyenal surfaces. There are waloes > (L1 pmol kg_l throughout the water column
between 53%and 60°S, which is only reproduoced very wealkly in the Oen run, but i muoch
better in the 20th Century runs. This is probably due to stronger winds in the coupled runs,
eapecially between 40%amd 50°5. The Oen rim has a poor epresentation of the deep ocean
obsarvations, which is only improved somewhat in the coupled runs. Doney and Hecht
(2002} show a similar poor representation of the deep obserwations along this section msing
the CSM1 oeean component. They traced this to insufficient westward transport of deep
CFC-tagged water along the continental slope of Antarctica east of the Weddell Sea. The
comparison between model results and observations was better a little further west directly
north of the Weddell Sea. Figure 2d shows the ensemble spread is largest between 50%and
65°5, again where there is significant ventilation of the deep ocean, and the 20th Century
rums mateh the obserwations well. The spread is mch smaller between 200and 45°5, where
the COSMI values are significantly smaller than the observations.

Figure 3 shows results from the February 1996 WOCE plds section near 1T0PE in the
South Pacific. The observations show similar characteristics to the South Atlantic section,

with values = 1 pmol kg™ down to 1 km between 45%and 55°5 and values about 0.1 pmol
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kg_l in the deep ocean, especially near Antarctica. The subduction along sopyvenals is
capturad quite well by the Oen and coupled runs, with the higher surface waloes reaching
slightly deeper in the coupled rums. However, there are too high CFC-11 concentrations in
the deep ocaan in the model at this longitude, and again the 20th Century rims have higher
values than the Oen run. Figore 3d shows a small ensemble spread along this section, which
cannot bradeet the much lower observed values near Antarctica at this longitude. This
clearly shows that there is too much deep water formation in the west Pacific sector near
Antarctica. The most likely reason is the winds blowing off Antarctica are too strong,
which blow the sea ice sway from the cosast too quickly. More sea ice is then formed
along the coast, which mjects too much brine into the upper ocean and cames more deep
convection than in the present climate. Doney and Hecht II'E[H}'E} showr the WOCE plbs
soction from the USKMIL aeoan component alone ran foreed by obserwations, where there
was too little deep comvection at 170°W. They show a strong sensitivity of the convection
strength to the salinity values wsed in the ander-ice restoring term. In an ocean alone
rum, this simulates brine rejection in a fully coupled rim, and the deap ocean solutions are
semEitive to this restoring term.

Figures 1-3 showed comparisons of CFC-11 concentrations from a elimate model
simulation with messurements from a single occupation of an ocean section. Differences
can arise from other sourees than the ome we wish to docamend, which is model systematic
bias. The horizontal resolution of the ocean component of climate models, including
the COSM3I, does not capture the wariability due to mesoseale eddies. Haine and Gray
(2001} amd Peacock et al. (2005) document the amplitude of eddy wriability in CFC-11
concentrations, which they call the "model variability error”, by using a combination of
simulations with eddy-resolving and non-eddy resolving models. However, in the case of
historical elimate simulations, there is another souree of disagreement becanse they are
not sirmlating the state of the climate system for particular years, bt rather one of many
possi ble realizations of the climate system for those years. We have attempted to docament
the amplitude of this " realization variability error™ by showing the ensemble spread in Figs.
1-3, although the ensemble size of three is rathor amall.

In arder to further document the " realization varability error”, Fig. 4 shows the root-
mean-square of the CFC-11 concentration at 200 m depth in the Indian Ooean melative
to the ersemble mean for each month of 1995, This is caleulated from 36 samples (12
manths amd 3 ensemble members), amd is directly comparable with Fig. 7 of Peacock et
al. (2005}, which shows their "model variability error™. We note that the "realization
varahility error™ has a number of features in common with the "model wariability emor™.
A band of maximum variability runs east-west near 15°5, but with a smaller amplitode
compared to the eddy variahility shown in Peacock et al. However, the wriability among
the ensemble members in the Antarctic Circumpolar Corrent region exceeds that doe to

memoscale eddies. In contrast, the ersemble has litkle variability in the Agolhas retroflection
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rogion, where mesoscale variability is very large. Background levels of ensemble variability
away from these mgions is smaller than the background eddy wariability in Peacodt et
al. Figure 12 of Peacock et al. (2005} shows vertical profiles of CFC-11 at stations along
the WOCUE 03 track, which document the "model varability error™ is largest around 400
m depth. The amplitude of the CCSM3 two standard deviation " realization variability
error” of 0.1-0.2 pmol kg™ ? at this depth is an order of magnitude smaller than the " model
varahbility error” due to mesoscale eddies estimated by Peacock et al.

As mentioned in the Introdoction, Willey et al. I['E{H}-i} have prodoced a column
inventory of CFC-11 centered on 1994 from all the WOCE data. It is shown in Fig. 5a,
with the same quantity from the Oen run in Fig. 5b, and the mean of rims ESh, ESg amd
ESh in Fig. 5e. The observations show the smallest valoes in the tropics, especially at
10°N in the eastern Pacifie Oeean and in the very northern Indian Ocean, and the largest
values in the northwest North Atlantie south of Greenland. The other band of large values
follows the path of the Antarctic Circompolar Cuarrent, and there are smaller values to the
south near Antarctica. The Oen run shows the same general features, but the maxiomim
values are smaller, except in the North Atlantic north of 40°N. As always with ocean alone
runs, it is rather difficult to konow whether the differences compared to observations are
due to the forcing data used, in particular to the under ice salinity restoring, or to the
physics of the ocean component. The 20th Century rons in Fig S show larger regions
of small values in the tropics, especially in the Pacific where the signature of thermocline
depth errors associated with the double intertropical comvergencs zone shows up elearly.
However, at higher latitudes the 20th Century run waloes are larger, probably as a result
of stronger surface winds that prodoce deeper ocean mixed layers, stronger midlatitude
gvres, and a deeper main thermocline. The values in the Antaretic Circompolar Current
are now slightly larger than the observations, but the large values extend to the Antarctie
coast in the east Indian amd west Pacifie seetors. This results from the high walves in the
deep ocean shown in Fig., 3c along 170°E. This is the region of the largest discrepancy
between the 200h Century runs and the obserwations. The values in the northern North
Atlantic are also too large, but are not mch different than those in the Oen run.

Another messure of CFC uptake is the penetration depth, which is defined as the
column imentory divided by the surface concmtration, see Dutay et al. (2002). Figure
6 shows results from observations, the Oen run, and the 20th Clentury run mean in the
game format as Fig. 5. In the obserwations, large values > 1 km oecur over much of
the North Atlantie, with maximmm values > 2.5 km. In the North Pacifie, valoes up to
900 m occur in the Kumshio area. In the soathern bemisphere, wlues > 1 km oceur in
the southern Indian and Atlantic Oesans, and southeast of New Zealamnd. This pattemn is
reproduced well in the Oen run, bt the pemetration depths are too small, exeept in the
northern North Atlantic. In the 20th Century rums, the pemetration depth is improved in

the Morth Atlantie, where valoes > 1 on oare more esctensive and the masdmmim waloe is
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< 3 km, and in the southern Indian Oeean and around New Zealand, where the deptha
have been increased by about 2000 m. The penetration depth also increased in the North
Facific, but at the southem flank of the subtropical gyre, instead of farther northwest near
the Kurashio.

Figures 5 and 6 show the mean values from the three 206h Century runs that have
CFC-11. The variability in the column inventory and penetration depth is largest by far
in the subpolar North Atlantic and the Labrador Sea. There is smaller wariability mear
Antarctica betwoen 120%amd 160FE, and off the Kamchatls Penimsula. Elsewhera, the
CFC-11 variability is quite small. Much of this wriability is camsed by the different timing
of deep water formation events in these runs, especially in the North Atlantic.

Figure 7 shows the global CFC-11 inventory as a funetion of time from the ESh, ESg,
ESh and Oen runs. There is very little variability in the global CFC uptake rates in
the 20th Century runs, and all have a global inventory of 5.8 x 10° moles in 1994. This
compares very well with the Willey et al. (2004} estimate of 5.5 + 1.2 x 10% moles. This
very good agreement is not affected by the implementation error deseribed in Section 2,
became its effect on the global CFC-11 inventory is almost certainly much smaller than
the obserwtional error bar of £20%. As disenssed above, the Oen run shows a somew hat
smaller global uptake of CFC-11, with a 1994 wvalue just above the lower bound of the
estimate based on WOUE olservations.

4. Heat Uptake Results

Levitus et al. (2005} have recently completed a new analysis of beat content changes
between 1955 amd 2003 over two depth ranges down to 300 and 700 m, and from 19551959
to 19 -1998 for the heat content down to 3 kme We will look at heat content changes
over these depth ranges, in order to compare with the latest Levitus et al. observed tremds.
Results will be shown in terms of the antal-mean average potential temperature for each
volome comsidered.  First, this normalizes the heat content changes with espect to the
varving sizes of the different ocean basins, and second the results are then in terom of
familiar temperature mnits. The average potential temperatore ean be comverted into heat
content by multiplying by ppep times the volume of oeean in the variomw domains. In the
mixlel, pyep i constant equal to 4.1 W08 30—t m™%

In the ESISTO run the ooean is losing heat at the globally sveraged rate of about 0.5
W m™? over years 300-700. Most of this is coming from mid-depths in the oesan, but there
is a non-negligible trend in the upper 300 m. To eliminate this small trend, boat content
anomalies for both control rums and ensemble members are caleulated by subtracting the
linear least-squares fit to the ESI870 heat content time series over the period 300-700
vears. The resulting time series of the upper 300 m heat content anomaly from the ESLET0
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run are shown in Fig. 8. It shows peak-to-peak decadal variability with a masdmmim range
of > 0.2°C in the Pacific Ocean, nearly 0.3°C in the Indian and Atlantic Oeeans, and
0.1°C} in the Global Ovean. The Indian and Atlantic Oeean values are comparable to the
amplitude of decadal variability shown in Fig. 51 of Levitus et al. [?[H:h‘]}, the Parifie
Cheean valie 18 a litkle smaller, and the Global Oeean valise 15 somewhat smaller than the
Levitus et al. wlues. A frequent eriticism of coame resolution climate models is that they
severel y underestimate natural variability; this is not the case for the CCSM3 ocean heat
content down to 300 m.

Figure 9 shows the sverage temperature difference down to 300 m between the ESh,
ESf, ESg and ESh runs mims the least-squares fit to the ES1AT0 run trend. Figure 9d
shows that the 300 m Global Ocean heat content either remains nearly constant or falls
somewhat over the first 13 years, but then all four runs have a sharp decline of about
0.1°C in 1883, This is in response to the Krakatoa voleano eruption. In fact, all the five
large dips in the corves can be traced to a voleano; the last two are El Chicon in 1983 and
Mount Pinatubo in 1991. The voleanic signal i also very elear in the Pacific and Tndian
Oeeans, but considerably smaller in the Atlantic Oeean. Even so, the Atlantic loses heat
for abowut 30 years until 1900, before gaining heat botween 1900 and 2000, There is some
spresad in the rates of ocean heat uptake among the four ensemble members. The ESg run
shows much slower heat uptake in the Pacific Ooean between 1940 and 1970, but then it
increases 5o that the heat uptake eatches the other three fums by the year 20000 The ESh
rum showes uniformly more heat uptake in the Indian, Atlantie and Global Oeeans than the
other three runs.

Figure 10 shows the average temperature difference down to 3 kkm in the same format
as Fig. 9. Again, the five large voleano eventa show up elearly in the Global Oeean eurves.
These curves diverge somewhat after 1950, and the ESg run has a 25% larger heat uptake
by 2000 than the other three rums. Figure 10c shows very interesting differences in the
Atlantic Oeean. By 1970 the ESb run has the same temperature as 1870, whereas the
temperature in the ESf and ESg runs has increased by 0.08°C. However, by 2000 there are
much smaller differenees in the Atlantic heat content among the runs. There are also quite
large differences in the Indian Oecean early in the 20th Century, and between 1980 and
2000 in the Pacific Ooean, again illustrating significant variability in the ocean cirenlation
among the ensemble of 20th Century runs.

The Global Oeean average temperature increases between 1957 amd 1996 from the
20th Century ensemble minis the least-squares fit to the ESIET0 run tremd are plotted in
Fig. 11. Also shown are the recent estimates for 300 m, 700 m, amd 3 km from Levitus
et al. (2005). We should first note that the temperature increases shown ame somewhat
dependent upon the time interval chosen. The 300 m values would be inereased by up
to 15% if the time period had been extended to 2000, becase the heat uptake is large

over the last few years in all runs. Figure 11 shows that the 300 m temperature increase
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varies by more than a factor of two across the ensemble, from 0012 to 00267C. There is
considerably less spread in the 700 m temperature increases, which are between 0116 and
01950, and the ensemble does not bracket the Levitus ot al, estimate, This is also the case
for the 3 km values, which range betwesn 00044 and 0.064%C. On sverage, the ensemble
members have abount 25% larger heat uptake down to 3 km between 1957 and 1996 than
the Levitus et al. (2005) estimate from ocmn observations.

Figure 12 shows the spatial patterns of the changes in beat content down to 300 m and
3 km betwesn 1955-1959 and 194-1998. Figure 12a shows that the largest region with
an sverage temperatore inerease of >0.5%C over 300 m is the subpolar North Atlantie,
Labrador Sea, Greenland-Teeland-Norwegian (GIN) Seas, and the Barents Sea north of
Norway. There is a dipole strocture in the North Pacific, with a significant cooling in the
northeast Pacific centered at 40°N. There is also warming in the southern hemisphere,
perhaps associated with changes in the path of the ACC. The heat uptake down to 3 km,
shown in Fig. 12h, is much more spatially uniform, with most of the World Oeean warming
between (0 and 0.1°C. There are some egions of heat loss, and areas of shelf seas, such as
the Bering Sea, where there was a larger beat gain. However, the largest increase is again
in the subpolar North Atlantie, Labrador, GIN and Barents Seas. These are associated
with a retreat of the Arctic sea-ice, and perhaps changes in the thermohaline cirenlation.
These large increass are consistent with the Levitus et al. (2005} results, became they
also find the largest heat content changes in the North Atlantic. They estimate an average
temperature inerease over 40 years of 0.3°0C down to 300 m and 0.1°C down to 3 km in the
North Atlantic, which are at least 509 higher than increases in other large ocean basins.

What causes the wide spread of 300 m heat uptake rates in the 206h Century ensemble
shown in Fig. 117 Figure 13a shows the standard deviation of the 300 m heat content
in the 20th Century ensemble, with values =050 shaded. The largest wariability is in
those locations where the average 300 m heat content is changing most, see Fig. 128, plus
the equatorial Pacific where there is E1-Nino/Southern Osecillation wariability. The largest
varahility is in the subpolar North Atlantic, Labrador, GIN and Barents Seas, which is
linked to changes in the North Atlantie thermohaline circulation. There is large natoral
variability in the strength of the North Atlantic thermohaline eireulation in the two 1870
Control runs, see Bryan et al. (2005). The amplitude is about £20% of the mean maximmim
overturming value of 22 Sv, with a period of about 20 years. It i8 clear from this work that
the thermohaline circulation wriability strongly affects the mean and variability of both
the CFC-11 uptake, see Figs. 5 amd 6, and the ocean heat aptake over the 20th Century,
soe Figs, 12 and 13a.

Figure 13b shows the correlation between the North Atlantic merdional overtuming
maximmim and the detrended 300 m average temperature over Vears J00-T00 from the
ES18T0 control run. We compute a lag-1 autocormelation of 0086 from the overturning

maximmm timeseries, which indicates that there are about 30 independent samples in the
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400 year time series, so that the 95% confidence level is 0.36. The figure shows that
the North Atlantic and Arctic Oeean 300 m heat content is wery highly cormelated to
the thermohaline cirenlation strength, with a significant anticorrelation in the subtropical
North Atlantic. We have also ealeulated the correlations (not shown) between decadal
averages of the ESIET0 304 m heat storage and heat storage anomalies with mespect to the
mean of the 206h Century ensemble. These correlations are high if just the first part of the
20th Century runs is wsed, and decrease as more of the 20th Century runs are used in the
caleulations. However, the cormelations remain marginally significant if they are ealeulated
wsing the entire 20th Century runs. This demonstrates that the 300 m heat uptake can be
influeneed by the phase of the thermohaline circulation oscillation when a 20th Century
run is started. The 20th Century runs started at different phases of the thermohaline
circulation oscillation in the NCIET) and ES1IETD rons, amd this can affect the spread in
J00 m heat uptake values shown in Fig. 11, The best way to create initial conditions for
an engemble of 20th Century runs is an interesting and important question, but is beyond
the scope of this paper.

4. DMscussion and Conclusions

The CFC-11 uptake simulations in three 20th Century rums have been compared
with observations from WOCE sections, and are generally good in regions of the ocoan
where most of the CFC-11 remains above the thermoeline, This indicates that the KPP
vertical mixing scheme is performing well, and the wind driven cireulation is realistic in
these regions. The comparisons show differences where there 8 deep water formation in
the Morth Atlantie, and in the west Pache and Indian Oeean sectors near Anbarehica.
These differences cannot be explained by the spread in the three 20th Century runs. This
"realization variability emror”, due to the fact that these runs do not simulate the climate
for particular years, at 200 m depth in the Indian Oeean is shown in Fig, 4. A direct
comparison with the "eddy wrilability error™ in Peacock et al. (2005) sheows that the eddy
error 8 larger in most regions, but the realization error is larger in the Southern Oeean
along the path of the Antaretie Cireampolar Cuorrent.

Comparison of the CFC-11 column imventory with the obserwational estimate centered
on 1994 in Willey et al. (2004) shows that the COSM3I is producing too much desp water
off Antarctica in the Indian Oeean and west Pacific Ocean sectors. Tt also suggests the
Labrador Sea deep water formation might be slightly too strong. These aspects of the
CCUSM3 ocean crculation need to be improved, becamse getting a realistic thermohaline
circulation is very important in order that the QCSM3 prodoces realistic future climate
seemarios. Despite these regional differences, Fig, 7 shows the first conclusion of this paper
which is that the Global Oeean uptake of CFC-11 is captured rather well in the three 20th
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Century runs. The CFC-11 uptake in the Ocn run is smaller, but is also within the ermor
bar of the otserwmtional estimate.

Figure 8 shows the second conclimion of this paper that the COSM3 300 m heat content
variahbility is only a little smaller than the Levitus et al. (2005) observational estimate.
There is considerable variability in how the ocean takes up beat across the 20th Century
run emsemble. This wariability 18 across all ocean basing and to all depths. Howewver, the
spread is largest in the 300 m heat uptake, where it is more than a factor of two, and
reduces with depth; it is about 40% in the 3 km heat uptake. Figure 13b shows a strong
correlation between the strength of the North Atlantic overtuming circulation amd the
300 m heat content in the ESLIATD control rnim. Correlations between the control run heat
content and the 20th Century 300 m hoat content anomalies are also significant. Thus,
the large spread in the 300 m heat uptake rates between 1957 and 1996 shown in Fig. 11
s not only due to the phase of the thermohaline wariability in the late 20th Century, but
could also be partly due to the different states of the thermohaline circulation when the
20th Century runs are initialized. The thermohaline cirenlation provides the inertia of the
ocean system that gives long pemsistence timescales in upper ocean beat content,

Figure 11 shows the third conclusion of this paper that the emsemble average heat
uptake between 1957 and 1996 down to 300 m, 700 m and 3 km is about 25% larger than
the Levitus et al. (2005) observational estimate. The COSM3 ocean heat uptake depends
upon the veracity of the ocean component, the parmmeterized effects of voleanos, and the
climate sensitivity, which mostly governs the atmospheric surface temperature response to
imposad greemhouse gas levels. The sucoessful CFC-11 comparison gives confidencs that
the COSM3 aoean component does a good job sinmlating the uptake of heat into the ocean.
If it is further assumed that the Levitus et al. (2005) estimate is correct, and that the
voleand parameterization is perfect, then this implies that the COSM3 elimate sensitivity
of 267°C is at least 25% too high. The "at least™ in the previous sentence is because
Raper et al. (2002} have shown that the transient response in climate models s always
smaller than the equilibrinm responss. However, the combined error bams in the observed
eatimate, voleans parameterization and the oeean component heat uptake veracity are
cortainly larger than 25%.
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Label Deseription | Years Run | CFCs
NCLIETD | 1870 Control 280510

NCa 20th Century | 360400

ORb 20th Century | 380-510

NCe 20th Cantury | 400-530

ORdA 20th Contury | 420-550

NCe 20th Cantury | 440-570
ESIETO | 1870 Control | 300-960

ESh 20th Cantury | 380-510 Yem
ESf 20th Century | 410-540

ESg 20th Contury | AG0-590 Y
ESh 20th Century | S40-670 Yis
Oen Oeean alone | 1953-2000 | Yes

Table 1. List of oumerical experiments.
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12.

13.

Figure Captions

. UFC-11 from the na®d section alomg 20°W taken in August 1993, |:H.::' O'lmerwmtions., I:h}

ocean alone Oen run, (¢) mean of the ESh, ESg and ESh runs, and (d) column iventory of
COFC-11 in moles lon ™2 along the section from observations I[mmﬂm}, Clen 1un I[:qm-n'm},

and the range of the ESh, ESg and ESh runs (shading).

. Same as Fig. 1, but from the WOCE ajax section along (°taken in October 1983,
. Same as Fig. 1, but from the WOCE plds section near 170°E taken in Febroary 1906,

. The rms of CFC-11 relative to the ensemble mean anmal eyele over 1995 at 200 m depth

in the Indian Ocean wsing the ESh, ESE and ESh runs: O is (L1 prooles kg_l .

Column inventory of CFC-11 in moles km™ % for 1994, {1-1} WOCE data from Willey et al.
(2004}, (b} ocean alone Ocn run, amd (e} mean of ESb, ESg, ad ESh rumns.

. Same as Fig. 5, but for penetration depth in m.

. Time series of the global inventory of CFC-11 in moles from the ESh, ESg, ESh, and Oen

rums. Also plotted is the Willey o al. [?[H}-t} eatimate combered on 19,

. Detrended time series of the 300 m average temperature anomaly in “C from the ESIETD

control run. (a) Pacific Oeean, (b) Indian Ocean, (¢} Atlantic Ocean, and (d} Global
Oeean.

. Time series of the 300 m aerage temperature difference in "C hetween the ESL., ESE ESE

and ESh runs mims the ESIET) control run. (a) Pacific Ocean, (b} Indian Ocean, (¢}
Atlantic Ocean, and (d) Global Oeean.

Same as Fig. 9, but for the 3 km average temperatue.

The 300 m, 700 m amd 3 km average temperature increases in "0 for the Global Oesan
between 1957 amd 1996 from the emsemble of 206h Century runs. Also plotted are the
Levitus et al. (2005} observational estimates.

The ensemnble mean 2th Century average temperature change betwesn 1955-1959 and
1994-1998 in "C: a) 300 m and b} 3 km.

1-1} Standard deviation of the 300 m heat content among the 20th Century ensemble; CT s
0.25%C, and h} correlation between the North Atlantie meridional overtuming maximmim
and the 300 m heat content over years 300-T00 from the ES187T0 eontrol run; CI is 0.2
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CFC 11, na83, 1993-08
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Figure 1. CFC-11 from the na%3 section along 20°W taken in Augist 1993, (a) Observations,
(b} ocean alone O run, (¢} mean of the ESh, ESg and ESh runs, and (d) column ioventory
af OFC-11 in maoles a2 along the saction from obserwations I::‘.F(H-i-ii"."-i}. Cheny rumy I:!-il:'lllﬂ.ri"."-i}.

and the range of the ESh, ESg and ESh runs (shading).
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Figure 2. Same as Fig. 1, but from the WOCE ajax section along 0%taken in October
1583,

19
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Figure 5 Same as Fig. 1, but from the WOCE plds section near 170°E talen in Febroary
104
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Figure 4. The rms of CFC-11 relative to the ensemble mean anmal eyele over 1995 at 200
m depth in the Indian Oeean using the ESh, ESg and ESh runs; CIis 0.1 pmoles kg™t
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Figure 5. Column inventory of CFC-11 in moles km™2 for 1984, (a) WOCE data from
Willey et al. I['E(H}-i}, I[h} aeean alone Oen ran, and I[r} mean of ESh, ESg, and ESh runs.
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Figure 6. Same as Fig. 5, but for penetration depth in m.
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oWilley et al (2004)
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Figure 7. Time series of the global imventory of CFC-11 in moles from the ESb, ESg, ESh,
and Oen rums. Also plotbed is the Willay et al. (2004) estimate centered on 1994,
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Figure & Detrended time series of the 300 m average temperature anomaly in “C from
the ES1ATD control run. (a) Pacific Oosan, (b) Indian Ovean, (¢} Atlantic Ocean, and (d)}
Cilobal Ovean.
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TEMPERATURE DIFFERENCE (0-300m) (20TH CEN. — ES1870 CONTROL)
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Figure 9. Time series of the 300 m average temperature difference in °C betwesn the
ESh, ESE, ESg amnd ESh rims minus the ES18T0 control run. (a) Pacific Ocean, (b} Telian
Ocean, (¢} Atlantic Ocean, and (d} Global Ocean.
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Figure 10, Same as Fig. 9, but for the 3 km average temperature.



HEAT CONTENT CHANGES (1996 — 1957)
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Figure 11. The 300 m, 700 m and 3 km average temperature increases in 0 for the Global
Oeean between 1957 and 196 from the ensemble of 20th Century runs. Also plotted are

the Levitus et al. (2005} observational estimates.
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Figure 12. The ensamble mean 20th Century average temperature change between 1955-
1959 and 19904-1998 in °C: a) 300 m amd b) 3 km.
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Figure 13. Standard deviation of the 300 m heat content among the 20th Century ensemble;
Clis0.25°C, and b} cormlation betwesn the North Atlantic meridional overturning maximmim
and the 300 m beat content over yoars 300-T00 from the ES1ETD control run; CIis 0.2,



